Purpose: We aimed to prepare two oral drug delivery systems consisting of polyoxyl 15 hydroxystearate (HS15) with pluronicF127 (F127) and HS15 with pluronicL61 (L61) to overcome the challenges of genistein's poor oral bioavailability. This provides a good strategy for enhancing the potential value of genistein. Methods: We designed two binary mixed micelle systems employing the organic solvent evaporation method using surfactants (HS15, L61, and F127). Formulations (GEN-F and GEN-L) were characterized by transmission electron microscopy. Drug content analysis, including entrapment efficiency (EE%), drug loading (DL%), and the cumulative amount of genistein released from the micelles, was performed using HPLC. The permeability of optimum formulation was measured in Caco-2 cell monolayers, and the oral bioavailability was evaluated in SD rats. Results: The solutions of GEN-F and GEN-L were observed to be transparent and colorless. GEN-F had a lower EE% of 80.79±0.55% and a DL% of 1.69±0.24% compared to GEN-L, which had an EE% 83.40±1.36% and a DL% 2.26±0.18%. TEM results showed that the morphology of GEN-F and GEN-L was homogeneous and resembled a spherical shape. The dilution and storage conditions had no significant effect on particle size and EE%. Genistein demonstrated a sustained release behavior when encapsulated in micelles. Pharmacokinetics study showed that the relative oral bioavailability of GEN-F and GEN-L increased by 2.23 and 3.46 fold while also enhancing the permeability of genistein across a Caco-2 cell monolayer compared to that of raw genistein. Conclusion: GEN-F and GEN-L as a drug delivery system provide an effective strategy for enhancing and further realizing the potential value of GEN.
Introduction
adulthood, which in turn suppresses the development of mammary cancer. 7 Besides its effects on breast cancer, GEN acts as a chemotherapeutic agent against different types of cancer, mainly by altering apoptosis, cell cycle, angiogenesis, and inhibiting metastasis. This makes it a vital molecule for cancer chemoprevention. 4 Since low water solubility may be the main factor responsible for the poor oral bioavailability of GEN, 8 there is a necessity and demand for designing novel drug delivery systems (DDSs) which can increase the oral bioavailability of GEN. Oral administration is the preferred route of drug delivery owing to it being painless, convenient, and cost-effective. [9] [10] [11] [12] However, to date, more than 4,000 natural phenolic drugs such as GEN are poorly soluble in water and are rapidly degraded and metabolized in the human body before attaining efficacy. 13 Therefore, improving the oral bioavailability of drugs is vital but is limited by their formulation. Currently, oral absorption technology of poorly soluble drugs has been reported in numerous studies, including those that employ solid dispersions, 14, 15 liposomes, [16] [17] [18] [19] micelles, [20] [21] [22] [23] [24] and nanoparticles. [25] [26] [27] [28] [29] Among these, mixed micelles have attracted much attention as a nano-sized drug carrier in DDSs. Mixed micelles increase the solubilizing ability and stability of small molecule micelles owing to their core-shell structure. 30 This structure consists of the drugs being physically incorporated into the micelles' hydrophobic inner cores by means of hydrophobic interactions while retaining the basic characteristics of polymer micelles. 31 In recent years, more studies have focused on the binary micelle system that has helped circumvent the insoluble drug solubilization problem through facilitating and enhancing drug absorption by the body. 32 In this study, we designed two binary micelle systems using HS15+F127 and HS15+L61 to overcome the limitations of poor solubility and low oral bioavailability of GEN. HS-15, a non-ionic surfactant consisting of 70% polyglycol mono and diesters of 12-hydroxystearic acid and 30% free polyethylene glycol, was found to be notably effective in enhancing the stability and solubility of insoluble drugs. 33 Furthermore, HS-15 can alter plasma binding, enhance adsorption, and induce significant effects on the pharmacokinetics. 34 Pluronic, also known as poloxamer, is an amphiphilic, triblock copolymer that consists of a middle hydrophobic polyoxypropylene chain and two hydrophilic polyoxyethylene chains. 35 This could form micelles in an oil-in-water emulsion and has been approved by the Food and Drug Administration (FDA) for use as a pharmaceutical ingredient.
36
F127 has a Hydrophile-Lipophile Balance (HLB) of 22 and is a relatively hydrophilic pluronic that has been widely explored for drug delivery owing to its ability to solubilize hydrophobic solutes and form micellar structures.
37 L61 is relatively hydrophobic with an HLB value of only 3. Attributed to its self-assembly to a single polyether micelle with poor stability, low drug loading, [38] [39] [40] L61 is commonly used in the preparation of mixed micelles with other materials. 41 Therefore, we hypothesized that the combination of pluronic and HS15 will complement each other to form binary mixed micelles. Attempts to explore the combination of the relatively hydrophilic F127 and Solutol HS15 or the relatively hydrophobic L61 and Solutol HS15 are more effective in improving the oral bioavailability of GEN.
In the present study, two novel mixed micelle systems ( Figure 1 ) were prepared by employing an organic solvent evaporation method using surfactants (HS15, L61, and F127), which can enhance the aqueous solubility, permeability, and oral bioavailability of GEN. While one was prepared with HS15 and F127 (GEN-F), the other was prepared with HS15 and L61 (GEN-L). The DDS was characterized by transmission electron microscopy (TEM) and the Malvern Zetasizer Nano System. To evaluate the DDS, we estimated the drug content, storage, dilution stability, and drug release in-vitro. The absorption and efflux characteristics of GEN-loaded micelles (GEN-M) were evaluated in Caco-2 cell monolayers. Finally, oral bioavailability was assessed in vivo through pharmacokinetic studies.
Materials and methods Materials
Genistein standards, genistein (purity >98%), and daidzein standards (purity >98%) were purchased from Meilun Biological Technology Co., Ltd (Dalian, China). HS15 was purchased from BASF Ltd. (Shanghai, China) and Pluronic F127 and L61 were purchased from Sigma-Aldrich (St. Louis, MO, USA). Caco-2 cell lines were purchased from Cell Resource Center, Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences (Shanghai, China). Dulbecco's modified Eagle's medium (DMEM) was purchased from Thermo Fisher Scientific (Bridgewater, NJ, USA). Milli-Q water (Millipore, Bedford, MA, USA) was used throughout the study. Chromatographic grade methanol and acetonitrile (Tedia Company Inc., Fairfield, CT, USA) were used for high-performance liquid phase analysis. All other reagents were of analytical grade.
Animals
The procedures involving animals and their care were 
Preparation of GEN-loaded micelles
GEN-loaded micelles (GEN-M) were prepared using the organic solvent evaporation method. 42 In brief, HS15 and F127 or L61 were combined at different ratios with a defined amount of GEN and dissolved in ethanol at 50°C with constant stirring until a transparent solution was obtained. The solution was transferred to a roundbottomed flask, and ethanol was removed using a rotary evaporator under reduced pressure at 50°C (IKA ® RV10, Staufen, Germany) until a film was formed completely in the flask. Deionized water was then added to the flask with shaking until a transparent solution was formed. Unincorporated GEN was removed by filtration through a 0.22-μm microporous membrane. After prescription optimization screening, the final ratio of HS15 to F127 was 35:20 (mg/mL), and the final ratio of HS15 to L61 was 49:6 (mg/mL).
Characterization of GEN-M Particle size and zeta potential analysis
The mean particle size and zeta potential of GEN-F and GEN-L were determined by dynamic light scattering using a Malvern Zetasizer Nano System (ZEN 3600, Worcestershire, UK). Polydispersity index (PDI) was determined for assessing the particle size distribution. Samples were equilibrated at 25°C for 2 mins before analysis. Some GEN-F and GEN-L droplets were dropped onto a copper grid, and the grid was observed by TEM (JEM-2100; JEOL, Tokyo, Japan) post infrared drying for 5 mins. 28 
Drug content analysis
To evaluate the entrapment efficiency (EE%) and drug loading (DL%) of GEN-M, the drug concentration of GEN in mixed micelles was measured by highperformance liquid chromatography (HPLC). This consisted of a quaternary pump (Waters 2695 separation module, Waters 2489 UV/Vis detector) and a reversed-phase C18 column (250 mm×4.6 mm×5 μm) which was maintained at 35°C. Absorbance was measured at 260 nm. The mobile
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phase comprised a mixture of methanol and water (60:40, v/v), and the flow rate was 1.0 mL/min. The injection volume was 10 µL. The EE% and DL% were determined by microporous membrane filtration method. The micelle solution was suitably diluted with methanol, and the structure of micelles was completely destroyed by ultrasonication. EE% and DL% were calculated using the following equations, 24 and all samples were analyzed three times.
EE% ¼ mass of GEN encapsulated in micelles initial mass of GEN used in micelles Â 100%
(1) DL% ¼ mass of GEN encapsulated in micelles mass of micelles Â 100% (2) Dilution and storage stability
In storage stability studies, the optimized samples GEN-F (the concentration of GEN was 1.2 mg/mL) and GEN-L (the concentration of GEN was 1.6 mg/mL) were stored at 4°C for 1, 3, 7, 10, and 15 days. The average size, zeta potential, and the EE% of the micelle systems were then quantified at each of these time points to evaluate the storage stability of GEN-M. The dilution stability of GEN-M was studied by diluting in Milli-Q water (1-250 folds) at room temperature (25°C). The change of particle size and EE% after each dilution fold was measured as previously mentioned.
In vitro release studies
The in vitro release behavior of GEN-M was studied using the dialysis method. 43 In short, 1 mL of the experimental GEN-M and the control GEN suspension were introduced into dialysis membrane bags (molecular weight cut off of 3500 g/mol; Green Bird Inc., Shanghai, China). The dialysis bags were immersed into fresh 200 mL PBS (pH 1.2 or pH 6.8) containing 0.5% (w/v) Tween 80 (Sinopharm Chemical Reagent Co., Ltd) at 37°C along with constant stirring at 140 rpm. At fixed time intervals (30 mins and 1, 2, 4, 6, 8, 10, 14, and 24 hrs), 1-mL aliquots of the dissolution medium were withdrawn and replaced with an equal volume of fresh release medium. The concentrations of GEN released in the supernatant were evaluated by HPLC analytical methods similar to the chromatographic conditions given earlier. All assays were performed in triplicate.
Caco-2 cell culture and transport experiments
Caco-2 cell lines were used to evaluate the absorption and efflux characteristics of GEN-M. 44 Caco-2 cells were grown in DMEM (Sigma-Aldrich) at 37°C in a 5% CO 2 atmosphere and supplemented with 10% fetal bovine serum (FBS), 1% nonessential amino acids (NEAA), 1% L-glutamine, 100 μg•mL −1 penicillin, and 100 U•mL To test for transport in the opposite direction from the BL to AP side, 1.5 mL GEN or GEN-M was added to the BL surface (supply pool) and 0.5 mL HBSS was added to the AP surface (receiving pool). Aliquots of 200 μL from the receiving pool were taken at 120-min intervals. The experiment was repeated in triplicate and the apparent permeability coefficients (Papp) were calculated using the following equation:
where dQ/dt (µmol·L
) is the transport rate, A (cm 2 ) is the surface area of the transport film, and C 0 (µmol·L
) is the initial concentration of GEN in the donor.
where Papp (AP-BL) is the absorption permeability and Papp (BL-AP) is the secretory permeability.
Pharmacokinetic studies in vivo
In pharmacokinetic study, SD rats were randomly divided into three groups (n=6) and fasted overnight prior to the experiment. In short, GEN-F, GEN-L, and free GEN (suspended in 0.5% CMC-Na) were orally administered at a dose of 60 mg•kg
. Blood samples (500 μL) were collected from the orbital vein at predetermined times (10, 20, 30 , and 45 mins and 1.0, 2.0, 4.0, 6.0, 8.0, 10.0, and 12.0 hrs) and immediately centrifuged to obtain the supernatant plasma. About 100 μL of plasma with 10 μL of the internal standard solution (Daidzein, 10 μg/mL) was vortexed for 15 s. After adding 500 μL ethyl acetate, they were vortexed for 3 mins to precipitate the plasma proteins and centrifuged at 13,620 g for 5 mins at 4°C. The supernatant was then transferred to a clean vial and allowed to evaporate till dry in a nitrogen atmosphere. The dried residue was rinsed with 100 μL mobile phase and centrifuged at 14,000 rpm for 5 mins. After centrifugation, 20 μL of the sample solution was injected into the HPLC system for analysis as per previously described chromatographic conditions.
Statistical analysis
All values are presented as the mean±standard deviation (SD). All data were processed using Phoenix WinNonlin 6.3 (Pharsight Corporation, USA) to construct pharmacokinetic profiles. The statistical significance of the results was analyzed using the statistical package for the social sciences software version 19.0 (SPSS Inc., USA). Data were analyzed using the two-tailed Student's t-test and one-way ANOVA to evaluate differences between the groups, and values of p<0.01 and p<0.05 indicated significant differences compared with controls.
Results

Characterization of GEN-M
The physicochemical characteristics of GEN-F and GEN-L were evaluated (Table 1) . Their mean particle size diameters were determined to be 19.79 and 14.24 nm with acceptable PDIs of 0.076 and 0.190, respectively ( Figure 2 ). Zeta potential is illustrated in Figure 2 . TEM showed that GEN-F and GEN-L were homogeneous and spherical ( Figure 3) .
Using HPLC analyses, EE% and DL% of GEN-F was determined as 89.79±0.55% and 1.69±0.24%, respectively. As for GEN-L, the EE% and DL% were confirmed to be 83.40±1.36% and 2.26±0.18%, respectively (Table 1) . 
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Interestingly, most of the GEN was entrapped in the mixed micelle system. The dilution stability of GEN-F and GEN-L was investigated and their particle sizes and EE% showed no significant change, suggesting that both formulations ( Figure 4 ) had a stabilizing effect against dilution. No turbidity and layer separations were observed in the GEN-F and GEN-L at day 15. Using the average size, zeta potential, and EE%, stability was evaluated, which showed no significant change after 15 days of storage ( Table 2 ).
In vitro release
The dialysis bag method was used to estimate drug release. The cumulative release of the drugs at set time intervals is shown in Figure 5 . The cumulative release of free GEN was always greater than that of GEN-F and GEN-L; however, GEN-L was slightly larger than GEN-F This release was monitored under conditions of different dialysis media with varied pH to mimic the stomach (pH 1.2) and intestinal environments (pH 6.8). In the first 4 hrs, the cumulative release from GEN-F and GEN-L was only about 10% at both pH conditions, whereas free GEN showed an elevated release of 43.90% and 69.50% at pH 1.2 and pH 6.8, respectively. These results show that free GEN displays a pronounced burst release behavior, while GEN-F and GEN-L show a sustained release even when observed at 24 h.
Transport experiment across Caco-2 cell monolayers
The Caco-2 cell culture model is widely accepted as a viable model for human intestinal absorption. In this study, the transport of GEN-F, GEN-L, and GEN from both AP-to-BL and BL-to-AP directions was investigated. As shown in Table 3 , for AP-BL transport, the P appAB value of GEN was 5.28±0.49×10 −6 cm/s. GEN-F and GEN-L show significantly increased absorptive power of GEN (7.50±0.52×10 −6 and 8.23±0.35×10 −6 cm/s, respectively). In addition, the BL-AP transport was performed to investigate the P-gp efflux inhabitation of GEN-F and GEN-L. The P appAB value for BL-AP transport of GEN-F, GEN-L, and GEN was 8.46±0.43×10 −6
, 7.59 ±0.56×10 −6 , and 7.97±0.36×10
−6 cm/s. GEN-F and GEN-L reduced the efflux ratio of GEN from 1.51 to 1.13 and 1.08, respectively. These results indicated that GEN-F and GEN-L could increase the absorption of GEN.
Pharmacokinetic studies
The main pharmacokinetic parameters are summarized in Table 4 . The mean plasma concentration-time curves of GEN in rats after oral administration of 60 mg/kg GEN and GEN-M (n=6) are shown in Figure 6 experiments. In conclusion, the GEN-F and GEN-L groups showed a markedly higher relative bioavailability than that of the free GEN group (P<0.01).
Discussion
Among the several types of nano-sized carrier systems, including nano-spheres, antibodies, and water-soluble synthetic polymers, previous studies of mixed micelle DDSs have proven to be advantageous in applications involving hydrophobic low-molecular-weight drugs. This is owing to the mixed micelle system's large drug-loading capacity and its ability to interact with each other in the given carrier system. 21 Further, the core-shell micelle structure also forms a protective barrier that could prevent drug escape from the core. The oral administration of drugs is limited by their serious gastrointestinal side effects, instability at intestinal pH, and poor absorption. 45 Aiming to solve these problems, we chose GEN as a model drug and developed two novel mixed micelles GEN-F and GEN-L that make the GEN to 'dissolve' in a hydrophobic core. GEN molecules can be encapsulated into nanoparticles surrounded by a hydrophobic barrier, thus avoiding direct contact with the hydrophilic rim environment. This eases the intestinal hydrolytic degradation and gastrointestinal irritation. In this experiment, two different pH dialysis media were used that simulated environmental conditions of the stomach and intestine in order to understand the release of GEN and its dosage form in the gastrointestinal tract. The experimental data suggest that the entrapment of GEN in micelles could facilitate a delayed drug release in the carrier. This is attributed to the structural stability of the micelles that makes it difficult for the drug to escape easily from the core, thereby resulting in sustained release of the drug. 46 Additionally, the prolonged drug retention increases the possibility of its absorption by the gastrointestinal tract. The Caco-2 cell culture model is a viable model of human intestinal absorption, as recognized by the FDA, 47 and was selected to investigate GEN absorption in this study. It has previously been used widely as an in-vitro screening model for oral absorption of small molecule drugs. Based on our experiments, GEN-F and GEN-L could reduce drug efflux in the Caco-2 cell monolayer, indicating that the two mixed micelles prepared from HS15+F127 and HS15+L61 could enhance the absorption of GEN.
Mixed micelles have inherent advantages in enhancing oral absorption. 37 In-vivo bioavailability testing further confirmed that GEN-L and GEN-L increased the plasma concentration of GEN and improved its oral bioavailability. A high bioavailability indicates that the drug could be absorbed into the blood, resulting in good curative effect. The higher bioavailability of GEN-F and GEN-L after oral administration may be attributed to the following reasons: (1) Pluronics and HS15 result in a formulation with a very fine nanoparticle size that could improve absorption and permeation of GEN; (2) The surface properties of HS15 further make it easier for GEN to transverse the membrane of cells, thereby enhancing the uptake of GEN by cells to a certain degree; (3) The combination of Pluronics and solutol ® HS15 increases the water solubility, stability, and sustained release of GEN, which facilitates intestinal absorption. Together, these benefits make GEN-loaded binary mixed micelle systems (GEN-F, GEN-L) a candidate with a potential commercially viable formulation.
Conclusion
Two oral drug delivery systems based on HS15+F127 and HS15+L61 binary mixed micelles were developed to markedly enhance the solubility and oral absorption of GEN. In this study, the organic solvent evaporation method was adopted to prepare two binary mixed micelle systems. These systems possessed a high drug-loading and entrapment efficiency while demonstrating a sustained release behavior. The GEN-F and GEN-L systems significantly enhanced solubility and permeability across the Caco-2 cell monolayer, resulting in increased bioavailability of GEN. Thus, we conclude that GEN-F and GEN-L are effective drug delivery systems that provide an effective strategy for developing the potential value of GEN.
